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A ·smart-structure·, as illustrated in Figure 1, is defined as a 
self-diagnostic airplane, i.e., an airplane that has the ability to 
detect, locate, quantify and assess the impact of precritical and larger 
structural damage in real-time. NOI techniques to achieve this objective 
must be accomplished and interpreted in flight. Optical fiber strain 
sensors and next generation computers have the potential to meet this 
requirement. A damage detection concept (DDC) must be developed to 
interpret the strain data measured. 
This discussion covers the service life of the airplane, and is part 
of a larger cradle-to-grave smart-structure, i.e., optical fiber sensors 
used for in-service composite damage detection can be the same embedded 
fiber sensor used for cure process control and verification of correct 
lay-up and assembly during the manufacture of structural components. 
Undetected damage in aircraft structures can result in mission 
failure, including loss of life, property and financial resources. 
Current inspection techniques remove aircraft from service, reducing 
mission availability and increasing cost of ownership. 
A. STRUCTURAL HEALTH SENSORS 
B. COMPUTER(S) TO 
• RECEIVE SENSOR INFORMATION 
• INTERPRET LOCATION 
AND SIGNIFICANCE OF 
DAMAGE 
• AUTOMATICALLY RECONFIGURE 
FLIGHT CONTROLS TO 
COMPENSATE FOR LOSS 
OF CAPABILITY AT OEFECT 
• ALERT PILOT TO RESULTING 
FLIGHT LIMITATIONS 
• STORe NONCRITICAL VARIANCES 
FOR GROUND SYSTEM RETRIEVAL 
D. DATA RETRIEVAL FOR 
GROUND CREW REVIEW 
Figure 1. A smart structure is self-diagnostic in real time. 
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The need, as just described, has always existed. However, tools to 
accomplish real-time structural health monitoring are only now becoming 
available. Fiber optic sensors that can be embedded in the composite 
material during manufacture, or attached externally to any structural 
material, are being developed to measure the parameters required to assess 
structural damage. The computer, with increasing data capacity and 
decreasing physical size and weight, now has the potential to collect, 
reduce and make decisions based on a large volume of sensor data. 
The flow of events required to achieve this multidiscipline system is 
shown in Figure 2. The smart-structure architecture requires 
sophisticated computer hardware and software to merge the damage detection 
concept (DDC) with a sensing system. Structural assessment requirements 
and the parameters to meet these requirements are the subject of this 
paper. The implication of the DDC on the electr%ptical and computer 
disciplines will be discussed briefly. The current point strain sensor 
choice and the neural network application will be identified. 
DDC DEVELOPMENT 
Central to the realization of a smart structure is the development of 
a skeleton DDC. This DDC development is for a structural component (wing 
section) constructed of a typical material (metal) using an optimum 
measurement parameter (strain). Structural damage is assessed by 
measuring change from normal strain distribution patterns. The DDC 
described can be adapted to common structural materials and components 
using the minimum number of measurable parameters to assess the aircraft 
health. The smart-structure will require the best of emerging 
technologies for all components; i.e., sensor systems, computer function 
and physical size, as well as data interpretation. The data requirements 
must be minimized in order that technology capabilities are not exceeded. 
The concept is to detect common failure modes by strain and/or 
acoustic emission measurements. The completed DDC will require both 
detection methods. Strain measurement will be used to detect all failure 
modes except composite delamination. Strain history in metallics can also 
be used for prediction of the remaining structural life. Delamination in 
a composite structure will show a measurable change in strain only when it 
becomes unstable in compression. Because the failure can become 
catastrophic at this point, strain measurement is unacceptable. Acoustic 
DAMAGE DETECTION CONCEPT [DOC] -- DEVELOPMENT & IMPLEMENTATION 
, MEASUREABLE 
PARAMETERS 
Figure 2. Task to be performed by the primary smart structure disciplines. 
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stress waves emanating from a delaminated area could potentially be 
distinguished from the healthy structure in a real-time environment. Only 
strain measurements concepts have been developed to date. Delamination 
detection will be added to the DDC in future work. 
Strain distribution sensitivity to damage is basic to a strain-based 
DDC. This sensitivity has been studied analytically using finite element 
models (FEMs). The recently developed LTV A-7 wing FEM shown in 
Figure 3 is the example used to demonstrate the DDC and strain 
sensitivities expected. Model features include multiple position control 
surfaces, stores pylons modeled, 11,000 elements and critical design 
conditions available as point loads. 
Strain distributions resulting from three flight load cases (selected 
from a variety of load cases analyzed) are defined and illustrated in 
Figure 4. A characteristic sharp dip with slight upward excursions on 
either side represents strain redistribution due to adjacent damage. 
STRAIN DISTRIBUTION 
PLOT LOCATIONS 
Y '" 43 
Lv 
Figure 3. This NASTRAN FEM model is the center section, front to rear 
spar, portion of a full wing 3-D model of the LTV A-7 fighter. 
The model includes articulated movable surfaces. 
LOAD CASES TO JUSTIFY 
NORMALIZATION THEORY: 
CASE MACH ALT. GROSS VT STR M 
NO NO FEET wr - LB Gs wr 
10 0.7 
40 0.5 
10 0.7 
1000 29,600 7.00 0 S 
1000 29,600 4.80 0 S 
1000 29,600 1.70 0 L 
OTHER SUPPORT CASES 
NORMALIZATION THEORY: 
CASE MACH ALT. GROSS VT STR M 
NO NO FEET wr -LB Gs wr 
06 0.5 30,000 29,300 7.00 0 S 
16 0.7 1,000 34,000 7.004700 S 
18 0,7 30,000 34,000 7.004700 S 
MANEUVERS: M ~ S FOR SYM PULL-UP 
L FOR LEVEL FL TROLL 
0.003 
STRAIN 
(INCHES) 
0.001 
- ,. 
-- 71 
__ 110 
__ 140 
---~ 171 
.6. :: 3.3~ 
-------------------
----
0.000 L3:± •• ;;---::~--,-::!:4t.;;----:;4!;;;2.--4:;';3.;;----;47.;4.:-----7.45;-O --;4~'.:------;;470;;--
X·STATION 
Figure 4. Spanwise strain (Y-direction) is the major strain direction. 
(Large strains but small sensitivity to damage.) Three load 
cases were selected to demonstrate the results of a variety of 
load cases used to characterize strain distribution. 
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Theoretically measurements could be taken to determine the exact 
flight data and correlated with strain measurements which are compared to 
analytically predicted strain. In reality, the accuracy required to 
recognize a change indicative of structural damage is formidable if not 
impossible. Data acquisition problems include measurement system errors, 
measurement site identification, site geometric tolerance variations, and 
extrapolation to match calculated data. Analytical problems include 
assumptions made to develop loads and structural geometry as well as model 
size limitations. The DOC eliminates any comparison of measured data to 
analytical data. 
The flight conditions can be normalized to one chord station and the 
resulting curves lie on top of each other as seen in Figure 5. The 
damaged structure strain distribution resulting from this presentation has 
two recognizable attributes. The first is the relatively rapid change in 
slope in the curve indicating damage. The second is that the damage curve 
falls outside the normal strain envelope. It is anticipated that further 
refinement of the DOC will take advantage of the first attribute. The 
current DOC approach relies on recognition of the damaged strain excursion 
outside the undamaged envelope. 
Strain Sensitivity Studies 
In addition to the plots of Y-strain shown in Figure 5 (i.e., strain 
in the Y or spanwise direction), plots of x-strain (i.e., strain in the X 
or chordwise direction) as seen in Figure 6 were studied. These curves 
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Figure 5. Normalized strain eliminates need for a detailed flight data, 
i.e., it results in a narrow envelope for most flight 
conditions. Damage results in an abnormal strain pattern. 
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Figure 6. Chordwise strain (X-direction) is small but sensitive to small 
changes in strain due to damage. 
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indicate that the chordwise strain, measured at right angles to the 
spanwise (maximum) strain, is the more sensitive measurement and that the 
effect can be detected at a greater distance from the damaged area. To 
decrease the number of sensors required, it is desirable to increase the 
distance from damage to sensor. It should be noted, however, that the 
magnitude of chordwise strain is very small. The measurement sensitivity 
can be seen by comparing the spanwise distributions of Y-strain to 
X-strain in Figures 4 and 6 respectively. The maximum change due to 
damage seen in the X-strain (Figure 6) is 5.B%, and at approximately 10 
inches from the damage 5.6% change is seen. The maximum change seen in 
the Y-strain (figure 4) is 3.3% near the damage. 
The full wing model is useful to demonstrate how the DDC interprets 
damage from strain distributions. To determine strain measurement 
spacing, measurement sensitivity is being analyzed and confirmed by test 
on the element and coupon level. 
Sensitivity studies were conducted to define the measurement density 
required to sense a precritical flaw. This study includes a finite 
element analysis summarized in Figure 7 and a structural verification test 
of the specimen shown in Figure B. The precritical flaw size requirement 
is a function of material and design strain magnitude. For each 
application these factors will be evaluated to determine the minimum flaw 
size that must be detected to ensure the structural health of an aircraft. 
Critical areas of the A-7 were surveyed to determine a reasonable 
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1. REQUIREDSENSITIVITY: 
d • = .35" critical crack length 
. 
2. PREDICTED SENSITIVITY (PROBE): 
dx = .68" 13% chg from no crack 298 
dx = .30" 13% chg from no crack~ 1031 
d = .15" crack length of analysis 
3. VERIFY PREDICTED SENSITIVITY: 
constant amplitude spectrum (with 
marker bands) crack growth test 
to measuring strain distribution 
SENSOR PLACEMENT WILL BE DETER-
MINED BY (A) CRITICAL CRACK LENGTH 
AND (B) SENSOR CRACK DET.ECTION 
CAPABILITY. 
Figure 7. Three part crack length 
sensitivity study. 
10 GAGES PER 
STRIPFORA 
TOTAL OF 60 
MEASUREMENTS 
Figure B. The third part of the 
sensitivity study is 
to record strain 
distribution changes 
as the crack grows. 
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sensitivity. The preliminary result is a typical critical crack length of 
approximately 0.35 inch (Figure 7). The PROBE results indicate that if we 
can detected a 13% strain deviation, it would be necessary to take the 
measurement 0.3 inch from the crack source to detect a 0.15-inch crack. 
This is less than half the typical critical crack length which will allow 
detection in time for corrective action. 
Crack growth tests are in progress to confirm the PROBE 
relationships. The tensile specimen (Figure 8) is instrumented with six 
strip gages with 10 strain gages each. Strain variation in both the 
spanwise and chordwise directions is being recorded under static load at 
intervals during the constant amplitude (with marker bands) fatigue test. 
The hole has been scored to initiate a crack. The test will be continued 
until failure. 
Strain sensitivity tests are also being conducted on a component test 
with supportive finite element analysis. The component consists of a Gr/E 
panel with three aluminum angle supports as shown in Figure 9. Damage 
is simulated by removing bolt combinations. A summary of the FEM data is 
given in Figure 10. As Figure 10 shows, chordwise strain is very small, 
but changes are relatively large and detectable some distance away. The 
spanwise strain is much larger in magnitude, but has smaller changes due 
to damage, and these changes diminish within a short distance from the 
damage. The test has been completed and the data are currently being 
analyzed. 
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Figure 9. The strain sensitivity 
panel test is designed 
to verify the FEM 
analysis of strain 
variation caused by 
the removal of a bolt. 
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Figure 10. FEM results of strain 
sensitivity panel 
indicate strain 
measurements can be 
taken at a significant 
distance from damage. 
The results obtained to date indicate that a precritical crack can 
be detected at some distance from its source. Considering that the 
critical crack length increases with decrease in strain levels, the 
measurement spacing can be increased as predicted strain levels decrease. 
DDC IMPLEMENTATION REQUIREMENTS 
Smart structures is a multidiscipline effort. Space limitations in 
this paper prevent a thorough discussion of the other disciplines. 
Because of the DDC dependence on sensors and pattern recognition, these 
will be discussed briefly. This plan for damage detection requires the 
optimum point strain measurement configuration and an uncomplicated 
pattern recognition plan. 
Discrete Strain Measurement Method 
A typical fighter aircraft metal wing of spar/stringer construction 
was used to develop a DDC scenario. Strain measurement requirements 
could be met with externally attached or embedded optical fibers. 
Multiple discrete strain measurements would be made using optical fibers. 
(A discrete strain is defined as the strain measured over a very small, 
finite distance approximately equal to that measured by a classical 
strain gage.) The most promising way to achieve this distributed sensing 
element is with holographically generated gratings. This procedure and 
strain measurement methods are described in Reference 4. 
The fiber could be embedded in composite materials or attached 
externally to any structural material configured as shown in Figure 11. 
The measurements would be made at intervals to be determined in part by 
the studies just described. The measurements will be densest in high 
strain areas where critical crack size is small with the density 
decreasing with decreasing design strain levels. 
Fiber Optic External Attachment 
Optical fiber sensors typically are to be embedded in composite 
materials. Such optical fiber sensors may be employed externally of 
metal structures for use in a strain detection system using the DDC 
method. An example attachment has been fabricated and the concept is 
being refined. This method could be adapted to other materials for 
situations, such as composite repair, where embedding sensors is 
undesirable. The attachment could be retrofit for use on aging aircraft. 
, STRAIN MEASUREMENT 
Figure 11. Strain distribution to be determined from strain measurements 
made at discrete points along an optical fiber running 
parallel to a row of fasteners. 
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Pattern Recognition With Neural Networks 
The DDC is simplified by taking advantage of the neural network 
approach to artificial intelligence for pattern recognition. The initial 
flight(s) of a smart structure would record wnormal w strain distribution 
normalized curves as a baseline. Continuous monitoring would compare the 
current strain distribution to the baseline distribution throughout the 
life of the aircraft. Deviations from the baseline would be responded to 
in an appropriate manner. LTV currently has a working desk-top model of a 
wing-box using neural networks to recognize variations in strain patterns. 
The wing-box is instrumented with twelve classical strain gages. This 
model, will be damaged to demonstrate pattern recognition. The gages will 
eventually be replaced with fiber optic gages to merge all three 
disciplines. 
SUMMARY 
It has been shown analytically that normalized strain distribution 
can be used to determine damage by comparison of baseline distributions to 
distributions where damage is present. This approach greatly simplifies 
the total data requirements by eliminating exact flight data 
identification. Verification tests have been identified and are in 
progress. For implementation the DDC relies on fiber optic point strain 
sensors and on neural network pattern recognition. Significant work is 
being done in both areas that demonstrates their potential for smart 
structure application. 
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